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Introduction {#sec001}
============

β-Glucosidases (BGLs) are widely distributed in nature for the liberation of glucose from cello-oligosaccharides and glucosides linked by a β-1,4-glycosidic bond. In particular, fungal and bacterial BGLs are responsible for the final saccharification step in producing fermentable sugar and in preventing the product inhibition of exo- and endoglucanases during the degradation of cellulosic biomass \[[@pone.0147301.ref001]--[@pone.0147301.ref007]\]. However, most BGLs are commonly inhibited by glucose \[[@pone.0147301.ref008]\]. This is caused by the competitive binding of substrate and glucose to the same active site on the enzyme. Cel1A (Bgl II) from *Trichoderma reesei*, an industrial cellulase producer, although the location of Cel1A was still unclear by so far, however some evidences indicated the major BGL activity from *Trichoderma reesei* was detected in extraction of plasma-membrane, thus Cel1A is probably as a cell-membrane bonding enzyme. Moreover some other research evidenced Cel1A catalysis transglycosylation reactions product sophorose, laminaribiose and gentiobiose from an extremely high concentration of cellobiose (10%) \[[@pone.0147301.ref009]\]. It is also reported inhibited by glucose with *K*~i~ approaching 50 mM during the hydrolysis of the substrate *p*-nitrophenyl β-[D]{.smallcaps}-glucoside (pNPG) \[[@pone.0147301.ref010],[@pone.0147301.ref011]\]. In contrast, several glucose tolerant or -stimulated BGLs belonging to the glycoside hydrolase family (GH) 1 or 3 have been isolated and characterized \[[@pone.0147301.ref012]--[@pone.0147301.ref023]\]. *Humicola insolens* BGL (HiBGL) belongs to GH1, specifically shows significant homology to the amino acid sequence of Cel1A with 73% identity and 82% similarity. This enzyme exhibits high glucose tolerance and enhances 1.8 fold activity at 50 mM glucose or 100 mM xylose \[[@pone.0147301.ref011],[@pone.0147301.ref016],[@pone.0147301.ref024]\]. HiBGL is also stable at the pH range of 5.0--8.0 and shows high thermostability with a half-life of 43.8 min at 55°C \[[@pone.0147301.ref017]\]. Furthermore, the amino acid residues of Cel1A and HiBGL, which comprise subsites −1 and +1 as well as two catalytic residues, were completely conserved. Focusing on the active site entrance, seven amino acid residues are different from each other. Some of these amino acids in Cel1A were substituted with different kinds of amino acid residues and their subsequent properties were investigated \[[@pone.0147301.ref025]\]. Most mutations influenced kinetic parameters and/or thermostability; e.g., P172L and P172L/F250A mutants enhanced the catalytic efficiency (*V*~max~/*K*~m~), while L167W and P172L/F250A mutants increased the optimum temperature to 50°C \[[@pone.0147301.ref025]\]. Further, the single mutants (L167W or P172L) markedly increased glucose tolerance \[[@pone.0147301.ref025]\]. However, higher thermal stability and glucose stimulation evident in HiBGL was not observed in these mutants \[[@pone.0147301.ref025]\]. Among the seven different amino acids in HiBGL, W168, L173, and F348 might be responsible for glucose stimulation and tolerance, restricted the volume and width of the active site entrance and trapped a glucose molecule in subsite +2 through hydrophobic interactions \[[@pone.0147301.ref011],[@pone.0147301.ref024]\]. In this study, we performed site-directed mutagenesis for the three corresponding amino acid residues in Cel1A, L167, P172 and P338 to improve glucose sensitivity and pH and thermal stabilities.

Materials and Methods {#sec002}
=====================

Cloning and Site-directed Mutagenesis {#sec003}
-------------------------------------

*T*. *reesei* QM9414 strain (ATCC 26921) was used for nucleic acid isolation. *E*. *coli* DH5α was used for the routine propagation of all plasmids and *E*. *coli* Rosetta-Gami 2 (DE3) pLysS were used as a host strain for protein expression, all of these strains are purchased by Merck, Darmstadt, Germany. RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Synthesis of cDNA was carried out using a PrimeScript^™^ II 1st strand cDNA Synthesis Kit (TaKaRa Bio Inc., Shiga, Japan) according to the manufacturer's instructions. The synthesized cDNA was further used as template for BGL encoding cDNA amplification by PCR with PrimeSTAR^®^ HS DNA polymerase (TaKaRa Bio Inc). Primer pairs (Cel1A-F and Cel1A-R) containing additional NcoI and HindIII sites are listed in [Table 1](#pone.0147301.t001){ref-type="table"}. The amplified cDNA was inserted into the same sites of pET23d (+) vector (Merck, Darmstadt, Germany) to encode a Histidine-tag fusion at the C-terminus. Mutagenesis was performed by overlapped PCR using PrimeSTAR^®^ Max DNA polymerase (TaKaRa) with the aforementioned resultant plasmid. Forward and reverse primers are also listed in [Table 1](#pone.0147301.t001){ref-type="table"}, in which the nucleotide sequences partially overlapped. Expression vectors for double and triple mutations were also constructed by repetitive mutagenesis in the same way. The resulting amplicon was introduced into *Escherichia coli* DH5α, and the mutated plasmid was then prepared using QIAprep Spin Miniprep Kit (QIAGEN, Hilden, Germany). All nucleotide sequences of the expression plasmids were confirmed by sequencing.
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###### List of PCR primers.

![](pone.0147301.t001){#pone.0147301.t001g}

  Primer name   Sequence (5'--3')
  ------------- -------------------------------
  Cel1A-F       `AccatggTGCCCAAGGACTTTCAGTGG`
  Cel1A-R       `CAaagcttCGCCGCAATCAGCTCGT`
  L167W-F       `ACGAGCCGTGGTGCTCGGCCATCC`
  L167W-R       `AGCACCACGGCTCGTTGAAGGTGA`
  P172L-F       `CATCCTGGGCTACGGCTCCGGCAC`
  P172L-R       `CCGTAGCCCAGGATGGCCGAGCAC`
  P338F-F       `CGCAGTCCTTCTGGCTGCGCCCCT`
  P338F-R       `GCCAGAAGGACTGCGTCTCGGGGC`

The introduced restriction sites are indicated as small letters. The overlapped sequence is underlined.

Expression and Purification {#sec004}
---------------------------

Each plasmid for expression was introduced into the *E*. *coli* Origami B (DE3) pLysS strain. The resultant single colony was grown in 100 ml of LB liquid medium (Nakalai Tesque, Kyoto, Japan) supplemented with 100 μg/ml of ampicillin in a 1-l baffled flask on a rotary shaker (160 rpm) at 25°C. Furthermore, 1 mM of isopropyl β-[D]{.smallcaps}-thiogalactopyranoside was added as an inducer when the absorbance reached 0.6 at 660 nm. After the next 12 h of growth, the cells were harvested by centrifugation (13,000 ×*g* for 5 min) and were then re-suspended in 15 ml of 20 mM phosphate buffer (pH 7.5) containing 0.1 M NaCl. After ultrasonication for 10 min on ice, cell debris was removed by centrifugation (13,000 ×*g* for 5 min). Protein purification was then conducted with the supernatant using a column packed with 15 ml of the TALON metal affinity resin (TaKaRa) equilibrated with the same buffer. The proteins adsorbed to the column were eluted with 200 mM imidazole in the same buffer. The imidazole in the pooled enzyme solution was removed, and the buffer was substituted with 20 mM acetate buffer (pH 5.5) by gel filtration using a PD-10 column (GE Healthcare, WI, USA). The purities of the recombinant BGLs were confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis ([S1 Fig](#pone.0147301.s001){ref-type="supplementary-material"}).

Enzyme Assay {#sec005}
------------

BGL activity was assayed in a 0.4 ml of reaction mixture containing 1.25 mM *p*-nitrophenyl β-[D]{.smallcaps}-glucoside (pNPG), 100 mM acetate buffer (pH 5.5), and a suitable amount of enzyme. After incubation for 0--30 min at 30°C, 2 ml of 0.5% Na~2~CO~3~ was added. The absorbance of the released *p*-nitrophenol was determined at 420 nm. Activity units (U) were calculated from an initial velocity, and 1 U was defined as the amount of enzyme releasing 1 μmol of *p*-nitrophenol per min. Protein content was measured by the Lowry method \[[@pone.0147301.ref026]\] using bovine serum albumin as the standard. The transglycosylation ability was also measured under the same conditions as described in the BGL activity using various concentrations of substrate and 50 μg of proteins. After reaction, the products were detected by the thin layer chromatography.

Parameters of glucose inhibition for hydrolysis (*K*~i~) were calculated from Dixon plots \[[@pone.0147301.ref027]\] using initial velocities. The plots were specially used for calculating in the case of low substrate concentration (0.060--0.34 mM in the absence of glucose and 0.060--2.1 mM for 10 mM glucose addition). Kinetic parameters for hydrolysis were also determined using the Lineweaver--Burk plots after measuring initial reaction velocities at various substrate concentrations (0.060--2.5 mM) \[[@pone.0147301.ref028]\].

Effects of pH and Temperature on Activity and Stability {#sec006}
-------------------------------------------------------

Optimum pH and temperature were measured under the conditions described in the enzyme assay except where the buffer was substituted with Britton--Robinson's wide range buffer and the reaction temperatures were shifted to 30--65°C, respectively. Stability for pH and temperature were also determined under the same assay conditions after the enzyme was incubated at various pH for 6 h at 4°C and at various temperatures for 30 min at pH 5.5, respectively.

Results and Discussion {#sec007}
======================

Structural Analysis of Cel1A and HiBGL {#sec008}
--------------------------------------

We compared the crystal structures of Cel1A \[[@pone.0147301.ref010]\] and HiBGL \[[@pone.0147301.ref011]\] to plan the experimental strategy for mutagenesis ([Fig 1A and 1B](#pone.0147301.g001){ref-type="fig"}). Around the active site entrance, seven amino acid residues different to each other can be observed. These are important in shaping the entrance and cavity along the active site tunnel. Three of these amino acids (W168, L173, and F348) in HiBGL were also reported to correspond with subsite +2 and trap the glucose molecule by hydrophobic interaction. Additionally, W168 and L173 of HiBGL were found to restrict the width of the active site and maintain a narrow cavity \[[@pone.0147301.ref011]\]. In this study, we tried to substitute the corresponding amino acids L167, P172, and P338 in Cel1A by creating L167W/P172L and L167W/P172L/P338F mutants of Cel1A. They were named as 167/172 and 167/172/338 mutants, respectively.

![Comparison of the structures between Cel1A (PDB entry 3ahy) and HiBGL (PDB entry 4mdp).\
**(A)** 3D structure on the side of the active site entrance. white, identical or similar amino acids; black, different amino acids; red, catalytic residues; pink, subsite −1 and +1; other colors, different amino acid residues located at the active site entrance. **(B)** Alignment of amino acid residues of Cel1A and HiBGL.](pone.0147301.g001){#pone.0147301.g001}

Glucose Tolerance and Stimulation of Cel1A Mutants {#sec009}
--------------------------------------------------

The mutants of amino acids 167/172 and 167/172/338 had significantly increased specific activities (6.8 U/mg for 167/172 and 4.6 U/mg for 167/172/338) compared with those of wild-type Cel1A (WT, 2.8 U/mg) ([Fig 2](#pone.0147301.g002){ref-type="fig"} and [Table 2](#pone.0147301.t002){ref-type="table"}). Furthermore, we show for the first time that the activities of the mutant enzymes continued to be stimulated with an increasing glucose concentration ([Fig 2](#pone.0147301.g002){ref-type="fig"}). The maximum stimulation activity reached up to 2.0 (the 167/172 mutant) and 1.3 fold (the 167/172/338 mutant) at 50 mM glucose. The stimulatory behavior of the 167/172 mutant is similar to that of HiBGL (1.8 fold stimulation at 50 mM glucose) \[[@pone.0147301.ref024]\]. This indicates that both L167W and P172L mutations are indispensable for glucose stimulation because each single mutant was reported to show no stimulation of glucose \[[@pone.0147301.ref025]\]. Though it is necessary for HiBGL to interact with glucose, the additional P338F mutation appeared to perturb glucose stimulation this might be explained by the arrangement and orientation of P338 in Cel1A, which would be different from that of F348 in HiBGL, as the P338 residue was located at a considerable distance from the L167 and P172 residues.

![Effect of glucose on BGL activity.\
Hydrolytic activities at 1.25 mM of pNPG were determined in the presence of glucose. ■, WT; ●, the 167/172 mutant; ▲, the 167/172/338 mutant. Plots are averages of independent triplicates. The arrowed IC~50~ values were calculated by the concentration of inhibitor that halves the enzyme activity without inhibitor.](pone.0147301.g002){#pone.0147301.g002}
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###### Kinetic parameters of WT and the 167/172 mutant for hydrolysis of pNPG.

![](pone.0147301.t002){#pone.0147301.t002g}

  Parameters and property                                          WT            167/172 mutant
  ---------------------------------------------------------------- ------------- ----------------
  Specific activity (U/mg) [\*](#t002fn001){ref-type="table-fn"}   2.8           6.8
  *V*~max~ (U/mg)                                                  7.7 ± 1.62    13.3 ± 0.34
  *K*~m~ (mM)                                                      2.48 ± 0.75   0.23 ± 0.01
  *V*~max~/*K*~m~                                                  3.06          57.7
  *K*~i~ for glucose (mM)                                          50            50
  IC~50~ (mM)                                                      600           50
  Substrate inhibition                                             −             \+

\* determined under the same conditions as the enzyme assay.

In contrast, the activity of the two mutants gradually decreased above a glucose concentration of 50 mM. However, both mutants showed glucose tolerance with the same 50% of inhibitory concentration (IC~50~) of 600 mM, which was markedly higher than the IC~50~ value of 50 mM of WT ([Fig 2](#pone.0147301.g002){ref-type="fig"}). These tolerances approximately corresponded to the IC~50~ value of 800 mM of HiBGL at 0.2 mM pNPG as the substrate \[[@pone.0147301.ref024]\]. The same tolerance was also reported previously in the L167W or P172L single mutant \[[@pone.0147301.ref025]\]. From these data, we concluded that either L167W or P172L, but not both, are necessary for glucose tolerance. All the aforementioned data suggest that the mechanisms of glucose stimulation and tolerance are distinguished. A previous report suggested that the glucose tolerance is caused by the narrower cavity of the active site preventing the incorporation of glucose into the active site on the enzyme \[[@pone.0147301.ref011]\].

Glucose-tolerant BGLs often accompany glucose stimulation \[[@pone.0147301.ref013],[@pone.0147301.ref015]--[@pone.0147301.ref023],[@pone.0147301.ref029],[@pone.0147301.ref030]\]. Among these BGLs, Td2F2 enhances the apparent hydrolytic activity to pNPG with an increase in glucose concentration by transglycosylation, leading to the formation of disaccharides such as sophorose \[[@pone.0147301.ref020]\]. For an understanding on whether the glucose stimulation and tolerance is concerned with the transglycosylation, we thus carried out. However, Cel1A and both mutants in this study accumulated no transfer products. The transglycosylation products were generally considered to accumulate at higher concentration of donor and acceptor. We concluded that these mutants enhance hydrolytic activity in the presence of glucose.

pH and Temperature Effects on Activity and Stability {#sec010}
----------------------------------------------------

The optimum pH of the two mutant BGLs expanded in the acidic region and exhibited high activity in the pH range of 5.0--7.0 ([Fig 3A](#pone.0147301.g003){ref-type="fig"}), which was different from the pH range of 6.0--6.5 of HiBGL \[[@pone.0147301.ref017]\]. Stabilities for pH also markedly increased, showing 80% of the residual activities at a wider pH range of 4.0--9.0 (the 167/172 mutant) and 7.5--9.5 (the 167/172/338 mutant) ([Fig 3B](#pone.0147301.g003){ref-type="fig"}). The profile of pH stability of the 167/172/338 mutant closely resembles that of HiBGL \[[@pone.0147301.ref017]\]. The 167/172 mutant kept activity at the pH range of 4.0--7.0 and was higher than the activity of the 167/172/338 mutant and HiBGL \[[@pone.0147301.ref017]\].

![pH and Temperature profiles of WT and the 167/172 and the 167/172/338 mutants.\
**(A)** Optimum pH, **(B)** pH stability, **(C)** Optimum temperature, **(D)** Thermal stability. ■, WT; ●, the 167/172 mutant; ▲, the 167/172/338 mutant. Vertical bars indicate the standard deviations of independent triplicates.](pone.0147301.g003){#pone.0147301.g003}

The optimum temperatures of both mutants shifted to 55°C, which was higher than that of 30--40°C of WT ([Fig 3C](#pone.0147301.g003){ref-type="fig"}) but slightly lower than that of HiBGL (60°C) \[[@pone.0147301.ref017]\]. The thermal stabilities of the two mutants were also equally increased to 50°C compared with that of WT, which was 40°C (\>80% of the residual activity) ([Fig 3D](#pone.0147301.g003){ref-type="fig"}). These data corroborated the *T*~m~ values of the 167/172 and the 167/172/338 mutants, which increased to 59 and 57°C, respectively, compared with that of WT (52°C) ([S2 Fig](#pone.0147301.s002){ref-type="supplementary-material"}). Lee et al. reported that the Cel1A mutant of L167W or P172L increased the *T*~m~ values to 54.9 and 54°C, respectively \[[@pone.0147301.ref025]\]. This suggests that both the L167W and P172L mutations synergistically increased thermostability but that the additional P338F mutation was not necessary. However, we were unable to clarify the mechanism for increased thermostability.

Kinetic Studies {#sec011}
---------------

To elucidate the catalytic properties, kinetic analysis was performed on the 167/172 mutant using pNPG as the substrate ([Fig 4](#pone.0147301.g004){ref-type="fig"} and [S3 Fig](#pone.0147301.s003){ref-type="supplementary-material"}). *K*~m~ of the 167/172 mutant (0.23 mM) was much smaller than that of WT, which was 2.48 mM, and similar to that of HiBGL, which was 0.16 mM \[[@pone.0147301.ref017]\]. *V*~max~ of the 167/172 mutant, which was 13.3 U/mg, was higher than that of WT, which was 7.7 U/mg, but was slightly lower than that of HiBGL, which was 18.7 U/mg ([Table 2](#pone.0147301.t002){ref-type="table"}). In conclusion, the catalytic efficiency (*V*~max~/*K*~m~) of the 167/172 mutant was 19 fold higher than that of WT. The enhanced catalytic efficiency was mainly due to the markedly decreased *K*~m~. All these data were similar to the results obtained from the single mutation of L167W or P172L in Cel1A, but the double mutant in this study enhanced the effect \[[@pone.0147301.ref025]\].

![Kinetic analysis of WT and the 167/172 mutant in the presence of glucose.\
**(A)** WT, **(B)** The 167/172 mutant, **(C)** Enlarged view of [Fig 3B](#pone.0147301.g003){ref-type="fig"} at high concentration of substrate. Glucose concentrations were shown in figure. Vertical bars indicate the standard deviations of independent triplicates.](pone.0147301.g004){#pone.0147301.g004}

The mutant showed competitive inhibition in the presence of glucose at low concentrations of substrate (\<0.25 mM), which was similar to that of WT ([Fig 4A and 4B](#pone.0147301.g004){ref-type="fig"}). The Dixon plots analysis also revealed that the inhibitory parameter (*K*~i~) of the 167/172 mutant was nearly identical to 50 mM of WT ([S4 Fig](#pone.0147301.s004){ref-type="supplementary-material"}). The 167/172 mutant showed substrate inhibition, which was not observed in WT, at higher concentrations of pNPG (\>0.25 mM) in the absence of glucose ([Fig 4C](#pone.0147301.g004){ref-type="fig"} and [S3 Fig](#pone.0147301.s003){ref-type="supplementary-material"}). When glucose concentration was increased, substrate inhibition was gradually prevented. At 50 mM glucose (the maximum concentration for stimulation), the substrate inhibition completely disappeared. Consequently, the hydrolytic activity was stimulated because the hydrolytic velocity faithfully adhered to the model of Michaelis--Menten kinetics \[[@pone.0147301.ref031]\] without substrate inhibition ([Fig 4C](#pone.0147301.g004){ref-type="fig"} and [S3 Fig](#pone.0147301.s003){ref-type="supplementary-material"}). The same figure also shows that glucose acts as both an activator and inhibitor. Above the concentration of 0.25 mM of pNPG in the presence of 0--50 mM glucose, it would be difficult to determine accurate kinetic and inhibitory parameters due to the co-existence of glucose stimulation, substrate inhibition, and glucose inhibition.

Souza et al. suggested that glucose stimulation in HiBGL is induced by the conformational change of the enzyme binding to glucose at the modular-binding site \[[@pone.0147301.ref024]\]. Our data do not disprove their estimations, but we have further clarified the mechanism of glucose stimulation ([Fig 5](#pone.0147301.g005){ref-type="fig"}). Substrate inhibition is induced by another substrate molecule binding to a secondary site, the non-active site, on the enzyme. The introduced mutation (L167W/P172L) might create a secondary substrate-binding site. The binding of the substrate to this site inhibits the hydrolysis forming ESS\* complex (\* indicate the binding to the created secondary site). When glucose is present (\<50 mM), the substrate at the secondary site might be replaced by glucose forming ESG\* complex as reported in case of HiBGL \[[@pone.0147301.ref011]\] and glucose stimulation was caused by relieve the substrate inhibition. When glucose concentrations are elevated to over 50 mM, most of the subsites (-1 and +1) and the secondary site are occupied by glucose leading to EG, EGS\* or EGG\* complexes. As a result, a competitive glucose inhibition was caused as shown in WT.

![Schematic representation of the reaction sequences of WT and the 167/172 mutant.\
E, enzyme; S, substrate; G, glucose. The reactions shown in red occur only in the 167/172 mutant. Asterisks indicate the binding to the introduced secondary site in the 167/172 mutant.](pone.0147301.g005){#pone.0147301.g005}

Conclusions {#sec012}
===========

The mutagenesis of only two amino acid residues (167/172) in Cel1A improved glucose tolerance, glucose stimulation, and pH and thermal stabilities, while also markedly increasing the specific activity. All these properties would be a great advantage in the degradation of cellulose together with cellulases. In addition to this, Cel1A is an important enzyme, which converts cellobiose to sophorose, a powerful inducer of cellulase from *T*. *reesei* \[[@pone.0147301.ref032],[@pone.0147301.ref033]\]. We believe that the mutant enzyme introduced into *T*. *reesei* enhances both cellulase induction and production.

Supporting Information {#sec013}
======================

###### SDS-PAGE analysis of the purified WT and the 167/172 and the 167/172/338 mutants.

The recombinant enzymes (5 μg each) were subjected to electrophoresis. M, molecular mass markers.

(PDF)

###### 

Click here for additional data file.

###### Melting temperatures of WT and the 167/172 mutant.

Melting temperature was determined using Protein Thermal Shift Dye Kit (Thermo Fischer Scientific Inc., MA, USA) according to the instruction manual. A melting curve was created to trace the fluorescence (Ex/Em = 580 nm/610 nm) from 40 to 70°C at an increasing rate of 0.05°C per second. The melting temperature (*T*~m~) was then obtained from a differential curve calculated from the melting curve.

(PDF)

###### 

Click here for additional data file.

###### Velocity vs \[S\] plots of WT and the 167/172 mutant in the presence of glucose.

**(A)** WT, **(B)** The 167/172 mutant. The same data from [Fig 4](#pone.0147301.g004){ref-type="fig"} were plotted. Glucose concentrations were shown in figure. Vertical bars indicate the standard deviations of independent triplicates.

(PDF)

###### 

Click here for additional data file.

###### Dixon plot analysis for determination of parameters in glucose inhibition.

**(A)** WT, **(B)** The 167/172 mutant. The same data from [Fig 4](#pone.0147301.g004){ref-type="fig"} were plotted. Plots are averages of independent triplicates.

(PDF)

###### 

Click here for additional data file.
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